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1
SYSTEMS AND METHODS FOR
ASSESSMENT OF NON-NATIVE SPEECH
USING VOWEL SPACE CHARACTERISTICS

This application claims priority to U.S. Provisional Appli-
cation No. 61/364,215 filed on Jul. 14, 2010, entitled “Assess-
ment of Non-native Speech Using Vowel Space Characteris-
tics,” the entirety of which is herein incorporated by
reference.

FIELD

The technology described herein relates generally to spo-
ken language proficiency testing and more specifically to
spoken language pronunciation proficiency testing using
vowel space characteristics.

BACKGROUND

It is often desirable to measure a person’s ability to vocally
communicate in a particular language. Such assessments may
measure a person’s ability to communicate in the native lan-
guage of the person, or the assessments may measure the
person’s ability to speak a foreign language. Oftentimes,
speech proficiency examinations are scored by one or more
human scorers. For example, a person (examinee) may read a
provided text aloud, and the one or more human scorers, who
listen to the person’s reading live or via a recording, provide
a score representing a perceived ability of the examinee to
communicate in the language being tested. The present inven-
tors have recognized a need for improved automated systems
for assessing non-native speech.

SUMMARY

In accordance with the teachings herein, computer-imple-
mented systems and methods are provided for assessing non-
native speech proficiency. A non-native speech sample is
processed to identify a plurality of vowel sound boundaries in
the non-native speech sample. Portions of the non-native
speech sample are analyzed within the vowel sound bound-
aries to extract vowel characteristics. The vowel characteris-
tics are used to identify a plurality of vowel space metrics for
the non-native speech sample, and the vowel space metrics
are used to determine a non-native speech proficiency score
for the non-native speech sample.

As another example, a computer-implemented system for
assessing non-native speech proficiency may include a pro-
cessing system and a computer-readable memory pro-
grammed with instructions for causing the processing system
to perform steps that include processing a non-native speech
sample to identify a plurality of vowel sound boundaries in
the non-native speech sample. Portions of the non-native
speech sample are analyzed within the vowel sound bound-
aries to extract vowel characteristics. The vowel characteris-
tics are used to identify a plurality of vowel space metrics for
the non-native speech sample, and the vowel space metrics
are used to determine a non-native speech proficiency score
for the non-native speech sample.

As a further example, a non-transitory computer-readable
storage medium comprises computer-readable instructions
that when executed cause a processing system to perform
steps that include processing a non-native speech sample to
identify a plurality of vowel sound boundaries in the non-
native speech sample. Portions of the non-native speech
sample are analyzed within the vowel sound boundaries to
extract vowel characteristics. The vowel characteristics are
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2

used to identify a plurality of vowel space metrics for the
non-native speech sample, and the vowel space metrics are
used to determine a non-native speech proficiency score for
the non-native speech sample.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a computer-implemented environment
wherein users can interact with a non-native vowel space
speech assessment engine hosted on one or more servers
through a network.

FIG. 2 is a block diagram depicting elements used for
capturing speech from a person being evaluated.

FIG. 3 is a flow diagram depicting a process for assessing
spontaneous speech vowel pronunciation of a non-native lan-
guage speaker.

FIG. 4 is a table depicting vowel sounds that may be con-
sidered by a non-native vowel space speech assessment
engine.

FIG. 5 is a block diagram depicting vowel space charac-
teristic and metric computation.

FIG. 6 is a block diagram depicting training of a scoring
model and use of the scoring model to score a speech sample.

FIG. 7 is a flow diagram depicting a computer-imple-
mented method of assessing non-native speech proficiency.

FIG. 8 presents boxplots of the distributions for four of the
features in the item-level analysis

FIGS. 9A, 9B, and 9C depict example systems for use in
implementing a non-native vowel space speech assessment
engine.

DETAILED DESCRIPTION

FIG. 1 depicts a computer-implemented system 100
wherein users 102 can interact with a non-native vowel space
speech assessment engine 104 hosted on one or more servers
106 through a network 108 according to an example. The
speech assessment engine 104 can be used for assessing the
pronunciation and speaking proficiency of a speaker, such as
a speaker speaking a non-native language, by measuring the
speaker’s ability to produce proper vowel sounds in that non-
native language. Measuring speaking proficiency may be use-
ful in a number of contexts, such as a testing context, where an
examinee’s speaking proficiency must be at a certain level to
be considered for a job, admission to a school, citizenship,
etc. Measuring speaking proficiency through vowel space
assessment may also be useful in a teaching context. While
many standard metrics for measuring speech proficiency are
not intuitive (e.g., acoustic likelihood scores and phone con-
fidence scores), critiquing of vowel sound pronunciation is
intuitive to both student and teacher. Based on an assessment
of'vowel pronunciation, feedback can be given to a teacher or
to a student as to vowel pronunciation errors that are found
and suggestions for exercises or activities that may be imple-
mented to improve vowel pronunciation.

The non-native vowel space speech assessment engine 104
may offer a significant degree of efficiency by obviating a
need for human scorers to evaluate examinee speech samples.
Thus, the non-native vowel space speech assessment engine
104 can be utilized for broader testing over much larger
populations of examinees in a cost effective manner, where
the engine 104 is provided examinee speech samples, such as
via a recording, the engine 104 processes the sample, and the
engine 104 provides a proficiency score. The automated non-
native vowel space speech assessment engine 104 may also
provide improved accuracy and consistency of scoring over
human scorers.
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With reference to FIG. 1, the engine 104 can be imple-
mented using a processing system (e.g., one or more com-
puter processors) executing software operations or routines
for assessing non-native vowel space speech proficiency.
User computers 102 can interact with the engine 104 through
a number of ways, such as over one or more networks 108.
One or more servers 106 accessible through the network(s)
108 can host the non-native vowel space speech assessment
engine 104. It should be understood that the non-native vowel
space speech assessment engine 104 could also be provided
on a stand-alone computer for access by a user. The non-
native vowel space speech assessment engine 104 generates
an assessment score for non-native speech pronunciation by
analyzing acoustic characteristics of vowel pronunciations in
a speech sample. The one or more servers 106 are responsive
to one or more data stores 110 for providing input data to the
non-native vowel space speech assessment engine 104. The
one or more data stores 110 may include determined vowel
space metrics 112 and vowel space scoring models 114.

FIG. 2 is a block diagram depicting elements used for
capturing speech from a person being evaluated according to
an example. A user 202 may be prompted to read a selection
of'text or speak spontaneously into a microphone, telephone,
or other sound receiver 204. The signal produced by the user
202 speaking into the microphone 204 is provided to a com-
puter 205 containing an analog to digital (A/D) converter 206
that converts the analog signal received from the microphone
204 into a digital representation of that signal. The digitized
signal output from the A/D converter 206 may be stored in
computer 205 or transmitted to other computer systems for
storage. For example, the digitized signal may be transported
via a network 208 for storage on a server 210. The recorded
speech can then be analyzed with a non-native vowel space
speech assessment engine 212.

FIG. 3 is a functional block diagram depicting an exem-
plary process for assessing spontaneous speech vowel pro-
nunciation of a non-native language speaker. The functions
represented can be implemented using any suitable process-
ing system (e.g., one or more computer processors executing
software routines written in any suitable programming lan-
guage such as C, C++, Java, etc.) Digitized speech is received
at 302 via an A/D converter. If the speech is spontaneous
speech for which a transcript is not known, then the received
digitized speech 302 is provided for speech recognition 304.
The speech recognition 304 generates word hypotheses 306
of'the words in the digitized speech. The word hypotheses are
identifications of words that likely correspond to those of the
digitized speech.

For spontaneous speech, the hypotheses 306 and the digi-
tized speech 302 are provided for forced alignment 308,
sometimes referred to as time alignment. If the speech is
scripted speech, such as text read aloud by an examinee into
a microphone, then a transcript 309 of the text used by the
examinee and the digitized speech 302 are provided for
forced alignment 308. If the speech is not scripted, then the
speech can be first analyzed using any suitable speech recog-
nition technique such as those conventionally known in the art
to generate a script of the speech. The forced alignment 308
creates a time-alignment between the string of words identi-
fied in the word hypotheses 306 or transcript 309 and/or the
phonemes (e.g., vowel sounds) contained therein with the
digitized speech signal 302. This alignment may be per-
formed, for instance, by using any suitable segmentation and
alignment techniques such as those conventionally known in
the art along with, for example, a Viterbi decoding process to
find a most likely match between the transcript phonemes and
audio of the digitized speech, such as conventionally known
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in the art. Such forced alignment may be provided using a
number of applications known to those skilled in the art
including using a Penn Phonetics Lab Forced Aligner (P2FA),
for example. The alignment results 310 may be identified as a
list of words or phonemes in the hypotheses 306 or transcript
309 along with their respective start and end times in the
digitized speech signal 302.

After aligning words and phonemes with the digitized
speech 302, measurements of characteristics of the digitized
speech 302 may be extracted. For example, certain vowel
pronunciation characteristics may be extracted at 312. Based
on the forced alignment procedure 308, the non-native vowel
space speech assessment engine can determine the bound-
aries of the vowel phonemes in the digitized speech by iden-
tifying the vowel sounds of interest in the transcript and the
associated time periods of the digitized speech sample. Using
those boundaries, the assessment engine can access the exam-
inee’s pronunciation of those phonemes for characteristic
extraction. Raw vowel characteristics may be provided to
metric formulas or subjected to other manipulation to identify
a plurality of vowel space metrics 314 for the non-native
speech sample, such as those described further below.

The vowel space metrics 314 are provided to a scoring
model 316, which computes a score 318 for the digitized
speech 302. For example, the scoring model 316 may be a
regression model that applies a weight to each of the plurality
of vowel space metrics to determine the score 318 for the
digitized speech sample 302. The scoring model 316 may also
consider other metrics 320 in addition to vowel space metrics
314 in determining a score for the digitized speech. For
example, the other metrics 320 may include metrics related to
speech stress, intonation, vocabulary, or grammar.

FIG. 4 is a table depicting exemplary vowel sounds that
may be considered by a non-native vowel space speech
assessment engine 104. It has been determined that the ability
of a speaker to properly pronounce the listed vowel sounds
has a high correlation with overall speech proficiency. This
high correlation makes these vowel sounds strong candidates
for analysis by a non-native vowel space speech assessment.
The use of more peripheral vowels, such as those listed in
FIG. 4, is important to good pronunciation, which results in
higher intelligibility and a perception of nativeness. A first
vowel sound IY is the vowel sound produced when saying
words such as each, needs, and week. The AA vowel sound is
the vowel sound produced when saying the first syllable of
words such as projects, quality, and want. The OW vowel
sound is the vowel sound produced when saying the first
syllable of located, open, and over. Of course, additional or
other vowel sounds may be used.

FIG. 5 is a functional block diagram depicting exemplary
vowel space characteristic and metric computation. Align-
ment results in the form of a speech sample 502 and timing
information 504 are received as inputs for vowel space char-
acteristic and metric computation 506. At 508, vowel space
characteristic extraction is performed to identity characteris-
tics of vowel pronunciations within the speech sample. For
example, the timing information 504 identifies the location
and boundaries of vowel pronunciations within the speech
sample 502. The portions of the speech sample 502 within
those boundaries are accessed and analyzed to extract the
vowel space characteristics.

Example vowel space characteristics that may be extracted
include vowel formant measurements. A vowel formant mea-
surement is a measurement of an amplitude peak in a vowel
spectrum that indicates a resonant frequency of a vowel.
Vowel formant measurements are extractable characteristics
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that may be captured through analysis of the speech sample
502 and the timing information 504.

In one example, F1 and F2 measurements are extracted at
a point one-third of the way into the duration of a vowel. In
another example, only vowels bearing lexical stress as iden-
tified by a dictionary are included in the vowel characteristic
extraction. In another example, all vowel tokens preceding
the consonant ‘R’ are excluded from analysis due to a strong
centralizing effect that the consonant ‘R’ has on preceding
vowels. In a further example, vowel tokens for each speaker
may be normalized to reduce effects of speaker-specific
physiological characteristics using z-scores of all formant
measurements.

Having extracted vowel characteristics, such as vowel for-
mants F1 and F2, alone or in conjunction with other charac-
teristics, the characteristics are provided to metric formulas
510 or other manipulations to generate vowel space metrics
512 for scoring. A number of different vowel space metrics
512 may be calculated using the metric formulas 510 for
consideration by a scoring model.

For example, a vowel space range metric may be consid-
ered in scoring a speech sample. The vowel space range
represents a method of determining a speaker’s coverage of
the vowel space. The vowel space range can be calculated by
subtracting the overall minimum value from the overall maxi-
mum value for both F1 and F2. In the following example, this
feature uses the three peripheral vowels 1Y, AA, and OW
discussed with respect to FIG. 4. Example vowel space ranges
may be calculated according to:

F1Range=Max,(44)-Ming, (1Y),

where Max,(AA) is the maximum value of the first vowel
formant measurements for all AA sounds produced by a
speaker, and Ming, (1Y) is the minimum value of the first
vowel formant measurements for all IY sounds produced by
a speaker, and:

F2Range=Max»(1Y)-Minz(OW),

where Max (1Y) is the maximum value of the second vowel
formant measurements for all IY sounds produced by a
speaker, and Min,(OW) is the minimum value of the second
vowel formant measurements for all OW sounds produced by
the speaker. A proficiency score for a speech sample may be
calculated based at least in part on one or both of these range
metrics.

As another example, a vowel space area metric may be
considered in calculating a speech proficiency score. The
vowel space area may be used as a measure of the overall
coverage of the vowel space as the area of the vowel triangle
defined by the mean F1 and F2 characteristic values of the
three peripheral vowels. The vowel space area may be calcu-
lated according to:

area~Ys(-Dry 72)-Daa om)5-Dow 7

where $=0.5*(Dy 7+Dpz o7+ Dopzp), V represents mean F1
and F2 values for vowel V, and D, represents a Euclidean
distance between two values in an F1-F2 plane:

, 2 2
D, N (F1-F1P+F2,-F2,°.

Additionally, a vowel space dispersion metric may be
defined as an average distance from individual peripheral
vowel tokens to the center of the vowel space. The F1 and F2
values of the vowel space center, V, are the overall mean
values of F1 and F2 computed using a speaker’s vowel tokens
from multiple vowel categories. Thus, the vowel space dis-
persion may be calculated according to:
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Z Dy, v+ Z Dys,v + Z Dow, v
N ,

dispersion =

where N is a total number of vowel tokens across IY, AA, and
Oow.

Further metrics may include a within category-vowel dis-
persion. The within-category vowel dispersion measures how
far the tokens for each of the three peripheral vowels (IY, AA,
and OW) are from their respective category mean values.
Thus, the within-category vowel dispersion metric identifies
how spread apart tokens of each of the three vowel classes are.
The within-category vowel dispersion can be calculated
according to:

ZDIY;,IY N ZDAA;JA N ZDOW;,OW]
A w

1
dispersion = 3 *( Ny Vi No

An additional metric may identify F2-F1 distances based
on the extracted vowel characteristics. Among all vowels, the
F2-F1 distance is generally largest for [Y and smallest for AA.
Thus, the F2-F1 distance is positively correlated with intelli-
gibility for IY, because greater distances mean more periph-
eral tokens of 1Y, and negatively correlated with intelligibility
for AA, because smaller distances mean more peripheral
tokens for AA.

FIG. 6 is a functional block diagram depicting exemplary
training of a scoring model and use of the scoring model to
score a speech sample. A scoring model may utilize one or
more vowel space metrics to generate a speech proficiency
score. For example, a scoring model may use, one, more, or
all of the above described vowel space metrics and may
further use one or more non-vowel space metrics in generat-
ing a score. A scoring model 602 may take a variety of forms,
such as a regression model or neural network whose general
properties and training are known in the art, but which is now
applied to vowel space metrics. At 604, the scoring model is
trained. For example, prior human scores of speech profi-
ciency for speech samples may be received along with vowel
space metrics 606. The vowel space metrics for a speech
sample may be compared to a human given speech profi-
ciency score for that speech sample to identify a correlation
between the human score and the vowel space metric. That
correlation may be used to set a parameter of the scoring
model, such as a vowel space metric weight in a regression
scoring model 602.

After the scoring model 602 has been trained, the scoring
model 602 is ready to provide scores 608 for a speech sample.
As discussed above, vowel space metrics 610 are identified
based on vowel characteristics extracted from a speech
sample. The vowel space metrics 610 are provided to the
scoring model 602 and used to determine a speech proficiency
score for a speech sample.

FIG. 7 is a flow diagram depicting an exemplary computer-
implemented method of assessing non-native speech profi-
ciency. At 702, a non-native speech sample is processed by a
processing system to identify a plurality of vowel sound
boundaries in the non-native speech sample. The portions of
the non-native speech sample within the vowel sound bound-
aries are analyzed at 704 by the processing system to extract
vowel characteristics. At 706, the vowel characteristics are
used to identify a plurality of vowel space metrics for the
non-native speech sample, and at 708, the vowel space met-
rics are used to determine a non-native speech proficiency
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score for the non-native speech sample. Steps 704-708 can be
carried out automatically by the processing system without
any further user intervention once the speech sample has been
obtained by the processing system. The scores can be
reported to the non-native speaker (e.g., a student) or to an
instructor. For example, the non-native speech sample could
be obtained from a non-native speaker as part of a test in
which the non-native speaker is required to read a block of
text in a computer-based testing scenario using networked or
stand-alone computer(s). Alternatively, the speech sample
could be obtained in an instructional setting (e.g., in a self-
study or classroom study) using a networked and/or stand
alone computer(s).

Experimental Results

Two experimental studies were conducted. For the first
study, a single Read Aloud item was selected for analysis
from among several responses provided by speakers in an
English proficiency assessment. This item consisted of a
paragraph containing 96 words which the speakers were
instructed to read out loud in a natural manner. The entire
response was then scored by experienced human raters using
a three-point scale for overall pronunciation assessment. The
non-native speech scored as the score 1 (low-level) is not
generally intelligible; the non-native speech scored as the
scale 2 (medium-level) is generally intelligible with some
lapses; the non-native speech scored as the score 3 (high-
level) is highly intelligible.

For each of the three score levels, 5 female and 5 male
speakers were selected who all shared the same [.1 for analy-
sis. In addition, the same paragraph was read by two female
and two male native speakers of American English. As a
result, this study contains speech data corresponding to four
score levels from a total of 34 speakers: low-level (NNS1),
medium-level (NNS2), and high-level (NNS3) for Non-Na-
tive Speakers, as well as Native Speakers (NS).

All stressed tokens of the peripheral vowels 1Y, AA, and
OW were used to compute the vowel space features, subjectto
the exclusions described above using vowel formants. The
relevant words contained in the Read Aloud item from this
assessment are listed in Table 1.

TABLE 1
‘Words Used in First Study
Vowel Word Tokens
Y each, needs, week
AA projects, quality, want
oW located, open, over

To assess the ability of a feature to discriminate among the
different pronunciation proficiency levels, we calculated the
Spearman rank order correlation coefficient, p, between the
pronunciation scores and each of the vowel space features.
These results are summarized in Table 2.

TABLE 2

First Study Results

Feature Spearman correlation
F1 Range -0.08
F2 Range 0.11
Area 0.01
Dispersion 0.31
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8
TABLE 2-continued

First Study Results

Feature Spearman correlation
Within-category dispersion -0.15
F2-F1 for IY 0.38
F2-F1 for AA -0.47

As Table 2 shows, two of the vowel space features had
significant correlations with pronunciation scores for the
Read Aloud items from these 34 speakers: the F2-F1 distance
for IY and AA. The correlations were in the directions
expected by the hypothesis that more peripheral vowels lead
to more intelligible pronunciation. Such promising findings
show that some measurements of vowel spaces that were
previously used on assessing speech intelligibility are poten-
tially helpful for assessing pronunciations.

A second study was also conducted with a larger amount of
data. Inthe second study, 325 non-native speakers who shared
the same [.1 responded to four Read Aloud items each in an
English proficiency assessment. Due to the design of the
assessment, there were three distinct sets of four Read Aloud
items, meaning that the speakers did not all produce the same
lexical items, as they did in the first study. However, the
number of tokens produced in each vowel category by each
speaker was much higher, thus facilitating the comparison
among speakers who read different items. As in the first study,
the responses were scored by human raters on a three-point
scale for pronunciation proficiency. In this second study, the
responses were subsequently transcribed (to eliminate the
effect of reading errors on the forced alignment procedure)
and processed using the P2FA forced alignment system.
Vowel formant measurements were again extracted according
to the methodology described above using vowel formants.

The total number of tokens produced by each speaker that
were used to calculate the vowel features varied, due to the
different sets of Read Aloud items, and the fact that speakers
did not always produce the text accurately. The mean number
of tokens (and standard deviation) for each vowel produced
by the 325 speakers in this experiment are as follows: 16.2
(5.0) for 1Y, 10.7 (3.8) for AA, and 9.0 (2.6) for OW.

Since no native speaker responses exist for the items used
in this experiment, a source of native speaker vowel measure-
ments from another domain was substituted. We used the
Atlas of North American English corpus, which includes data
from 437 speakers throughout North America. Several speak-
ers from every dialect region were included in the sample.
Each speaker participated in an interview consisting of spon-
taneous speech and targeted elicitation of specific lexical
items. Approximately 300 vowel formant measurements
were extracted for each speaker and were manually verified.
This corpus thus provides the most detailed sample of vowel
formant variation among native speakers of English in North
America. The mean number of vowel formant measurements
(and standard deviation) for the three peripheral vowels from
the speakers in this corpus are as follows: 12.5 (5.9) for Y,
27.6 (8.6) for AA, and 18.1 (7.7) for OW.

As in the first study, the usefulness of each feature at
discriminating among the levels of pronunciation proficiency
is determined by calculating the Spearman rank-order coef-
ficients between the feature values and the pronunciation
proficiency scores. Since each non-native speaker responded
to four Read Aloud items in the large-scale experiment, it is
possible to compute both item-level and speaker-level corre-
lations between the proficiency scores and the vowel space
features (this was not possible for the first study, since only a
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single Read Aloud item was used). For the speaker-level
results, all of the vowel tokens from a single speaker were
pooled together to compute the speaker-level vowel space
features, and the four pronunciation scores for the different
items were added together. These results are summarized in
Table 3.

TABLE 3

Large-Scale Study Results

Spearman correlation

Feature Item-level Speaker-level
F1 Range 0.55 0.32
F2 Range 0.55 0.25
Area 0.43 0.58
Dispersion 0.23 0.34
Within-category dispersion -0.17 -0.71
F2-F1 for IY 0.63 0.78
F2-F1 for AA -0.42 -0.58

Table 3 shows that the correlations between all vowel space
features and pronunciation proficiency scores were signifi-
cant and moderately strong. In addition, the use of speaker-
level scores generally improved the correlation values—the
only two exceptions were the features involving ranges. The
best-performing feature was the F2-F1 distance for the vowel
1Y, with a correlation of p=078.

Furthermore, the correlations for each feature had the
polarity expected given the hypothesis that an expanded
vowel space leads to higher pronunciation proficiency scores.
As in the first study, the F2-F1 distance for IY was positively
correlated with pronunciation scores, and the F2-F1 distance
for AA had a negative correlation. The two range features, the
area feature, and the overall dispersion feature all have posi-
tive correlations with pronunciation scores, indicating that an
expanded vowel space leads to a rater’s perception that the
speaker is more native-like.

FIG. 8 presents boxplots of the distributions for four of the
features in the item-level analysis (the plots for the other three
features also show similar patterns). In each case, the plots
display a monotonic trend for the mean value of the feature
from the lowest non-native proficiency level to the native
speakers. While there is substantial overlap between the three
non-native categories, the difference between the native
speaker distribution and the three non-native speaker distri-
butions for each vowel space feature is quite pronounced.

Table 4 presents a correlation matrix showing how the
vowel space features pattern with respect to each other for the
item-level analysis in this experiment. All of the pairs except
one show significant correlations, but none of the correlations
has a magnitude greater than 0.70.

TABLE 4

Correlation Matrix for Six Vowel Space
Features Using the Item-Level Features

F2 w.c. F2-F1 F2-F1

Range Area Dispersion Dispersion forIY for AA

F1 Range 044 054 0.42 0.07 0.53  -0.36

F2 Range — 0.58 0.47 0.10 070 =037

Area — — 0.58 -0.29 0.68  -0.33

Dispersion — — — n.s. 044  -054

w.c. — — — — -0.29 0.24
dispersion

F2-F1 for IY — — — — — -0.49
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FIGS. 9A, 9B, and 9C depict example systems for use in
implementing a non-native vowel space speech assessment
engine. For example, FIG. 9A depicts an exemplary system
900 that includes a stand alone computer architecture where a
processing system 902 (e.g., one or more computer proces-
sors) includes a non-native vowel space speech assessment
engine 904 being executed on it. The processing system 902
has access to a computer-readable memory 906 in addition to
one or more data stores 908. The one or more data stores 908
may contain vowel space metrics 910 as well as a vowel space
scoring model 912.

FIG. 9B depicts a system 920 that includes a client server
architecture. One or more user PCs 922 accesses one or more
servers 924 running a non-native vowel space speech assess-
ment engine 926 on a processing system 927 via one or more
networks 928. The one or more servers 924 may access a
computer readable memory 930 as well as one or more data
stores 932. The one or more data stores 932 may contain
vowel space metrics 934 as well as a vowel space scoring
model 936.

FIG. 9C shows a block diagram of exemplary hardware for
a standalone computer architecture 950, such as the architec-
ture depicted in FIG. 9A, that may be used to contain and/or
implement the program instructions of exemplary embodi-
ments. A bus 952 may serve as the information highway
interconnecting the other illustrated components of the hard-
ware. A processing system 954 labeled CPU (central process-
ing unit) (e.g., one or more computer processors), may per-
form calculations and logic operations required to execute a
program. A computer-readable storage medium, such as read
only memory (ROM) 956 and random access memory
(RAM) 958, may be in communication with the processing
unit 954 and may contain one or more programming instruc-
tions for performing the method of implementing a non-
native vowel space speech assessment engine. Optionally,
program instructions may be stored on a non-transitory com-
puter readable storage medium such as a magnetic disk, opti-
cal disk, recordable memory device, flash memory, RAM,
ROM, or other physical storage medium. Computer instruc-
tions may also be communicated via a communications sig-
nal, or a modulated carrier wave and then stored on a non-
transitory computer-readable storage medium.

A disk controller 960 interfaces one or more optional disk
drives to the system bus 952. These disk drives may be exter-
nal or internal floppy disk drives such as 962, external or
internal CD-ROM, CD-R, CD-RW or DVD drives such as
964, or external or internal hard drives 966. As indicated
previously, these various disk drives and disk controllers are
optional devices.

Each of the element managers, real-time data buffer, con-
veyors, file input processor, database index shared access
memory loader, reference data buffer and data managers may
include a software application stored in one or more of the
disk drives connected to the disk controller 960, the ROM 956
and/or the RAM 958. Preferably, the processor 954 may
access each component as required.

A display interface 968 may permit information from the
bus 952 to be displayed on a display 970 in audio, graphic, or
alphanumeric format. Communication with external devices
may optionally occur using various communication ports
973.

In addition to the standard computer-type components, the
hardware may also include data input devices, such as a
keyboard 972, or other input device 974, such as a micro-
phone, remote control, pointer, mouse and/or joystick.

The invention has been described with reference to particu-
lar exemplary embodiments. However, it will be readily
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apparent to those skilled in the art that it is possible to embody
the invention in specific forms other than those of the exem-
plary embodiments described above. For example, a non-
native vowel space speech assessment engine may be config-
ured for use in scoring an examinee’s ability to speak a native
language in addition to non-native proficiency testing. The
embodiments are merely illustrative and should not be con-
sidered restrictive. The scope of the invention is reflected in
the claims, rather than the preceding description, and all
variations and equivalents which fall within the range of the
claims are intended to be embraced therein.

For example, the systems and methods may utilize data
signals conveyed via networks (e.g., local area network, wide
area network, internet, combinations thereof, etc.), fiber optic
medium, modulated carrier waves, wireless networks, etc. for
communication with one or more data processing devices.
The data signals can carry any or all of the data disclosed
herein that is provided to or from a device. Additionally, the
methods and systems described herein may be implemented
on many different types of processing devices by computer
program code comprising program instructions that are
executable by a processing system. The software program
instructions may include source code, object code, machine
code, or any other stored data that is operable to cause a
processing system to perform the methods and operations
described herein. Other implementations may also be used,
however, such as firmware or even appropriately designed
hardware configured to carry out the methods and systems
described herein. Instructions may be written in any suitable
computer programming language such as C, C++, Java, etc.

The data (e.g., associations, mappings, data input, data
output, intermediate data results, final data results, etc.)
received and processed may be stored and implemented in
one or more different types of computer-implemented data
stores, such as different types of computer-readable storage
devices (e.g., RAM, ROM, Flash memory, magnetic disks,
optical disks, etc.) and programming constructs (e.g., flat
files, databases, programming data structures, programming
variables, IF-THEN (or similar type) statement constructs,
etc.). It is noted that data structures describe formats for use in
organizing and storing data in databases, programs, memory,
or other computer-readable media for use by a computer
program.

The computer components, software modules, functions,
data stores and data structures described herein may be con-
nected directly or indirectly to each other in order to allow the
flow of data needed for their operations. Software operation
can be implemented, for example, as a subroutine unit of
code, a software function unit of code, an object (as in an
object-oriented paradigm), an applet, or in a computer script
language, or as another type of computer code. The software
components and/or functionality may be located on a single
computer or distributed across multiple computers in com-
munication with one another depending upon the situation at
hand.

It should be understood that as used in the description
herein and throughout the claims that follow, the meaning of
“a,” “an,” and “the” includes plural reference unless the con-
text clearly dictates otherwise. Also, as used in the description
herein and throughout the claims that follow, the meaning of
“in” includes “in” and “on” unless the context clearly dictates
otherwise. Additionally, use of the term “each” does not nec-
essarily mean “each and every” unless the context clearly
dictates otherwise. Finally, as used in the description herein
and throughout the claims that follow, the meanings of “and”
and “or” include both the conjunctive and disjunctive and
may be used interchangeably unless the context expressly
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dictates otherwise; the phrase “exclusive or” may be used to
indicate situation where only the disjunctive meaning may

apply.

It is claimed:
1. A computer-implemented method of assessing non-na-
tive speech proficiency, comprising:
processing, using a processing system, a non-native speech
sample to identify vowel sounds in the non-native
speech sample and vowel sound boundaries correspond-
ing to the vowel sounds in the non-native speech sample;

analyzing, using the processing system, the vowel sounds
within the vowel sound boundaries to extract vowel
characteristics;

processing, using the processing system, the vowel sounds

and the vowel characteristics to identify a plurality of
vowel space metrics for the non-native speech sample,
wherein the vowel space metrics indicate an extent of
proficient utilization of AA, I'Y, and OW vowel sounds in
the non-native speech sample; and

generating using the processing system, a non-native

speech proficiency score based upon the plurality of
vowel space metrics for the non-native speech sample,
wherein the non-native speech proficiency score pro-
vides a measure of a pronunciation proficiency of the
non-native speech sample based upon the plurality of
vowel space metrics, wherein the non-native speech pro-
ficiency score is generated by processing the plurality of
vowel space metrics with a statistical computer model,
the statistical computer model comprising multiple
weighted features determined by training the statistical
computer model relative to a plurality of training items,
the training utilizing calculated vowel space metrics of
the training items and human-scored non-native speech
proficiency scores of the training items to determine
values for the weighted features.

2. The method of claim 1, wherein the vowel characteristics
comprise vowel formant measurements.

3. The method of claim 2, wherein a vowel formant mea-
surement comprises a measurement of an amplitude peak in a
vowel spectrum that indicates a resonant frequency of a
vowel.

4. The method of claim 1, wherein the vowel space metrics
comprise a vowel space range, a vowel space area, a vowel
space dispersion, a within category vowel dispersion, or a
F2-F1 distance.

5. The method of claim 4, wherein the vowel space metrics
comprise a vowel space range, wherein the vowel space
range, F1 Range, is calculated according to

F1Range=Maxz,(44)-Ming, (1Y),

where Max,(AA) is the maximum value of the first vowel
formant measurements for all AA vowel sounds produced by
a speaker, and Ming,; (IY) is the minimum value of the first
vowel formant measurements for all IY vowel sounds pro-
duced by a speaker.

6. The method of claim 5, wherein the vowel space metrics
comprise a second vowel space range, wherein the second
vowel space range, F2Range, is calculated according to

F2Range=Max»(IY)-Minz,(OW),

where Max (1Y) is the maximum value of the second vowel
formant measurements for all IY vowel sounds produced by
a speaker, and Min,,(OW) is the minimum value of the sec-
ond vowel formant measurements for all OW vowel sounds
produced by the speaker,
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wherein the non-native speech proficiency score is deter-
mined based on the F1Range and F2Range vowel space
metrics.

7. The method of claim 1, wherein one or more of the vowel
space metrics are calculated based on a first vowel character-
istic, formant F1, and a second vowel characteristic, formant
F2;

wherein the vowel space metrics comprise an area of a

vowel triangle defined by a mean F1 and F2 values of the
AA, TY, and OW vowel sounds.

8. The method of claim 7, wherein the area is calculated

according to:

area~Vs(s—Dry 72)(5—Dan o) 5—Dow 17)»

where s=0.5*(Dpr+Dzop+ Do), V represents mean F1
and F2 values for vowel V, and D, , represents a Euclidean
distance between two values in an F1-F2 plane:

- 2 2
D, N FLAFLY+F2,-F2,.

9. The method of claim 1, wherein one or more of the vowel
space metrics are calculated based on a first vowel space
characteristic, formant F1, and a second vowel space charac-
teristic, formant F2;

wherein the vowel space metrics comprise a vowel space

dispersion based on an average distance from individual
AA, TY, and OW vowel tokens to a center of a vowel
space.

10. The method of claim 9, wherein the vowel space center,
V, is a mean of the F1 and F2 vowel space characteristics,
wherein the vowel space dispersion is calculated according
to:

Z Dy, v+ Z Day,v + Z Dow, v
N ,

dispersion=

where N is a total number of vowel tokens across I'Y, AA, and
Oow.

11. The method of claim 1, wherein one or more of the
vowel space metrics are calculated based on a first vowel
space characteristic, formant F1, and a second vowel space
characteristic, formant F2;

wherein the vowel space metrics comprise a within cat-

egory vowel space dispersion.

12. The method of claim 11, wherein the within category
vowel space dispersion is calculated according to:

1 (Z DIY;,IY

dispersion= 3* Ny

N ZDAA‘-EA N ZDowi,oW]
Naa w ’

No

where N,,-is anumber of IY vowel tokens, N, , is anumber of
AA vowel tokens, N, is a number of OW vowel tokens,
Dyy,z7 1s a distance from an IY vowel token i to mean F1 and
F2values forvowel IY, D, , -zis a distance from an AA vowel
token i to mean F1 and F2 values for vowel AA, and Doy om
is a distance from an OW vowel token i to mean F1 and F2
values for vowel OW.

13. The method of claim 1, wherein one or more of the
vowel space metrics are calculated based on a first vowel
space characteristic, F1, and a second vowel space character-
istic, F2;

wherein the vowel space metrics comprise an F2-F1 dis-

tance.
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14. The method of claim 1, wherein the non-native speech
proficiency score is automatically provided via a graphical
user interface to provide feedback on non-native speech pro-
ficiency.

15. The method of claim 14, wherein the feedback offers
vowel pronunciation suggestions for improving communica-
tive competence through better vowel pronunciation.

16. The method of claim 1, further comprising performing
automatic speech recognition on the non-native speech
sample to generate a transcript, wherein the transcript is used
to identify the vowel sound boundaries.

17. The method of claim 1, wherein a forced alignment
procedure is used to identify the plurality of vowel sound
boundaries.

18. The method of claim 1, wherein the non-native speech
proficiency score is determined based on one or more non-
vowel-space-based metrics.

19. The method of claim 18, wherein the non-native speech
proficiency score is further based on a stress metric, an into-
nation metric, a vocabulary metric, or a grammar metric.

20. A computer-implemented system for assessing non-
native speech proficiency, comprising:

one or more data processors; and

one or more memories, wherein the one or more data

processors are configured to execute steps comprising:

processing a non-native speech sample to identify vowel
sounds in the non-native speech sample and vowel
sound boundaries corresponding to the vowel sounds
in the non-native speech sample;

analyzing the vowel sounds within the vowel sound
boundaries to extract vowel characteristics;

processing the vowel sounds and the vowel characteris-
tics to identify a plurality of vowel space metrics for
the non-native speech sample, wherein the vowel
space metrics indicate an extent of proficient utiliza-
tion of AA, IY, and OW vowel sounds in the non-
native speech sample; and

generating a non-native speech proficiency score based
upon the plurality of vowel space metrics for the non-
native speech sample, wherein the non-native speech
proficiency score provides a measure of a pronuncia-
tion proficiency of the non-native speech sample
based upon the plurality of vowel space metrics,
wherein the non-native speech proficiency score is
generated by processing the plurality of vowel space
metrics with a statistical computer model, the statis-
tical computer model comprising multiple weighted
features determined by training the statistical com-
puter model relative to a plurality of training items,
the training utilizing calculated vowel space metrics
of the training items and human-scored non-native
speech proficiency scores of the training items to
determine values for the weighted features.

21. A non-transitory computer-readable storage medium
comprising instructions for which when executed cause a
processing system to execute steps comprising:

processing a non-native speech sample to identify vowel

sounds in the non-native speech sample and vowel sound
boundaries corresponding to the vowel sounds in the
non-native speech sample;

analyzing the vowel sounds within the vowel sound bound-

aries to extract vowel characteristics;

processing the vowel sounds and the vowel characteristics

to identify a plurality of vowel space metrics for the
non-native speech sample, wherein the vowel space met-
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rics indicate an extent of proficient utilization of AA, 1Y,
and OW vowel sounds in the non-native speech sample;
and

generating a non-native speech proficiency score based

upon the plurality of vowel space metrics for the non-
native speech sample, wherein the non-native speech
proficiency score provides a measure of a pronunciation
proficiency of the non-native speech sample based upon
the plurality of vowel space metrics, wherein the non-
native speech proficiency score is generated by process-
ing the plurality of vowel space metrics with a statistical
computer model, the statistical computer model com-
prising multiple weighted features determined by train-
ing the statistical computer model relative to a plurality
of training items, the training utilizing calculated vowel
space metrics of the training items and human-scored
non-native speech proficiency scores of the training
items to determine values for the weighted features.

22. The computer-implemented system of claim 20,
wherein the vowel space metrics comprise a vowel space
range, a vowel space area, a vowel space dispersion, a within
category vowel dispersion, or a F2-F1 distance.

23. The computer-implemented system of claim 22,
wherein the vowel space metrics comprise a vowel space
range, wherein the vowel space range, F1 Range, is calculated
according to

F1Range=Max,(44)-Ming, (1Y),

where Max,(AA) is the maximum value of the first vowel
formant measurements for all AA vowel sounds produced by
a speaker, and Ming, (IY) is the minimum value of the first
vowel formant measurements for all IY vowel sounds pro-
duced by a speaker.

24. The computer-implemented system of claim 23,
wherein the vowel space metrics comprise a second vowel
space range, wherein the second vowel space range,
F2Range, is calculated according to

F2Range=Max»(1Y)-Minz(OW),

where Max (1Y) is the maximum value of the second vowel
formant measurements for all IY vowel sounds produced by
a speaker, and Min,,(OW) is the minimum value of the sec-
ond vowel formant measurements for all OW vowel sounds
produced by the speaker,

wherein the non-native speech proficiency score is deter-

mined based on the F1Range and F2Range vowel space
metrics.

25. The computer-implemented system of claim 20,
wherein the steps include performing automatic speech rec-
ognition on the non-native speech sample to generate a tran-
script, and wherein the transcript is used to identify the vowel
sound boundaries.

26. The computer-implemented system of claim 20,
wherein a forced alignment procedure is used to identity the
plurality of vowel sound boundaries.

27. The non-transitory computer-readable storage medium
of claim 21, wherein the vowel space metrics comprise a
vowel space range, a vowel space area, a vowel space disper-
sion, a within category vowel dispersion, or a F2-F1 distance.

28. The non-transitory computer-readable storage medium
of claim 27, wherein the vowel space metrics comprise a
vowel space range, wherein the vowel space range, F1 Range,
is calculated according to

F1Range=Max,(44)-Ming, (1Y),

where Max,(AA) is the maximum value of the first vowel
formant measurements for all AA vowel sounds produced by
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a speaker, and Ming, (IY) is the minimum value of the first
vowel formant measurements for all IY vowel sounds pro-
duced by a speaker.

29. The non-transitory computer-readable storage medium
of claim 28, wherein the vowel space metrics comprise a
second vowel space range, wherein the second vowel space
range, F2Range, is calculated according to

F2Range=Max»(IY)-Minz,(OW),

where Max (1Y) is the maximum value of the second vowel
formant measurements for all IY vowel sounds produced by
a speaker, and Min,,(OW) is the minimum value of the sec-
ond vowel formant measurements for all OW vowel sounds
produced by the speaker,

wherein the non-native speech proficiency score is deter-

mined based on the F1Range and F2Range vowel space
metrics.

30. The non-transitory computer-readable storage medium
of claim 21, wherein the instructions cause the processing
system to perform automatic speech recognition on the non-
native speech sample to generate a transcript, and wherein the
transcript is used to identify the vowel sound boundaries.

31. The non-transitory computer-readable storage medium
of claim 21, wherein a forced alignment procedure is used to
identify the plurality of vowel sound boundaries.

32. The computer-implemented method of claim 1 com-
prising:

normalizing one or more vowel tokens included in the

non-native speech sample to reduce effects of speaker-
specific physiological characteristics.

33. The computer-implemented system of claim 20,
wherein the non-native speech proficiency score is deter-
mined based on one or more non-vowel-space-based metrics.

34. The computer-implemented system of claim 20,
wherein the non-native speech proficiency score is further
based on a stress metric, an intonation metric, a vocabulary
metric, or a grammar metric.

35. The non-transitory computer-readable storage medium
of claim 21, wherein the non-native speech proficiency score
is determined based on one or more non-vowel-space-based
metrics.

36. The non-transitory computer-readable storage medium
of claim 21, wherein the non-native speech proficiency score
is further based on a stress metric, an intonation metric, a
vocabulary metric, or a grammar metric.

37. The computer-implemented system of claim 20,
wherein one or more ofthe vowel space metrics are calculated
based on a first vowel characteristic, formant F1, and a second
vowel characteristic, formant F2;

wherein the vowel space metrics comprise an area of a

vowel triangle defined by a mean F1 and F2 values ofthe
AA, TY, and OW vowel sounds.

38. The computer-implemented system of claim 37,

wherein the area is calculated according to:

area=Vs(s-Diy 12 (5~Dan om) —Dow 17)>

where s=0.5*(Dyy +Dz o7+ Dopry), V represents mean F1
and F2 values for vowel V, and D, , represents a Buclidean
distance between two values in an F1-F2 plane:

D, NEL-FLY+(F2,-F2,)°.

39. The computer-implemented system of claim 20,
wherein one or more ofthe vowel space metrics are calculated
based on a first vowel space characteristic, formant F1, and a
second vowel space characteristic, formant F2;

wherein the vowel space metrics comprise a within cat-

egory vowel space dispersion.
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40. The computer-implemented system of claim 39,

wherein the within category vowel space dispersion is calcu-
lated according to:

1
dispersion= 3 *(

ZDIY;,IY ZDAA‘-,FA ZDOW‘-,OW
+ + s
AA w

Ny N, No

where N,;-is a number of IY vowel tokens, N, , is anumber of
AA vowel tokens, N5 is a number of OW vowel tokens,
Dyy,z7 1s a distance from an IY vowel token i to mean F1 and
F2values for vowel 1Y, D, zzisadistance froman AA vowel
token i to mean F1 and F2 values for vowel AA, and Doy ow
is a distance from an OW vowel token i to mean F1 and F2
values for vowel OW.

41. The non-transitory computer-readable storage medium
of claim 21, wherein one or more of the vowel space metrics
are calculated based on a first vowel characteristic, formant
F1, and a second vowel characteristic, formant F2;

wherein the vowel space metrics comprise an area of a
vowel triangle defined by a mean F1 and F2 values of the
AA, TY, and OW vowel sounds.

42. The non-transitory computer-readable storage medium
of claim 41, wherein the area is calculated according to:

area=Vs(s—Dry 72)(5—Dan o) 5—Dow 77)»
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where s=0.5*(Dyy +Dz o7+ Dopry), V represents mean F1
and F2 values for vowel V, and D_, represents a Buclidean
distance between two values in an F1-F2 plane:

D, NEL-FLY+(F2,-F2,)°.

43. The non-transitory computer-readable storage medium
of claim 21, wherein one or more of the vowel space metrics
are calculated based on a first vowel space characteristic,
formant F1, and a second vowel space characteristic, formant
F2;

wherein the vowel space metrics comprise a within cat-

egory vowel space dispersion.

44. The non-transitory computer-readable storage medium
of claim 43, wherein the within category vowel space disper-
sion is calculated according to:

ZDIY;,IY N ZDAA;JA N ZDOW;,OW]
A w ’

1
dispersion = 3 *( Ny Vi No

where N,;-is a number of IY vowel tokens, N, , is a number of
AA vowel tokens, N, is a number of OW vowel tokens,
Dyy,771s a distance from an IY vowel token i to mean F1 and
F2values forvowel 1Y, D, 77is adistance from an AA vowel
token i to mean F1 and F2 values for vowel AA, and Doy, o
is a distance from an OW vowel token i to mean F1 and F2
values for vowel OW.



